The conductivity of the system magnetic dielectric (EuO) -graphene channel -ferroelectric substrate was considered. The magnetic dielectric locally transforms the band spectrum of graphene by inducing an energy gap in it and making it spin-asymmetric with respect to the free electrons. The range of spontaneous polarization (2 − 5)mC/m 2 that can be easily realized in thin films of proper and incipient ferroelectrics, was under examination. It was demonstrated, that if the Fermi level in the graphene channel belongs to energy intervals where the graphene band spectrum, modified by EuO, becomes sharply spin-asymmetric, such a device can be an ideal non-volatile spin filter. Controlling of the Fermi level (e.g. by temperature which modify ferroelectric polarization) can convert a spin filter to a spin valve.
I. INTRODUCTION
Shortly after a field transistor with a graphene channel on a dielectric substrate was created in 2004 for the first time [1] , multiple attempts have been made to use the unique properties of the new 2D-material in spintronics. At first graphene was proposed to be used as a non-magnetic spacer connecting two ferromagnetic contacts of the spin valve [2] . It has been experimentally shown that, due to the small spin-orbital interaction in graphene, the spin-relaxation length of a spin-polarized current at room temperature can be of 2 µm order (see, e.g., [3] and refs therein).
However, at the same time, it was concluded that the graphene is poorly attractive for spintronics, since the magnetoresistance of the valve, contacts, respectively, see e.g. [2] ). The physical consequences of the inequalities are explained in detail in Ref. [2] . 5], at that spin polarization of the injection contact can be controlled by the bias and gate voltages. A detailed first principle theoretical study of the operation mechanism of a similar nano-valve with nickel contacts has been carried out in Ref. [6] .
In parallel, an effective device has been proposed, which is either a spin valve or a spin filter, and no longer uses graphene as a nonmagnetic spacer, but as an active ferromagnetic element [7] . To realize this, a ferromagnetic dielectric EuO is imposed on the part of the graphene channel, which results in the strong spin polarization of the π-orbitals of graphene. As a result, the splitting of the graphene band states into the subbands with the orientation of the spin values "up" and "down" occurs, and also EuO induces the energy gap between these bands [8] .
The transition between the states of the filter and the valve in [7] was induced by voltage at the lower gate.
In the series of works [9, 10, 11, 12, 13, 14] it is demonstrated how the ferroelectric substrate (instead of a usual dielectric) can be used for the doping of a graphene conductive channel by a significant number of carriers without the traditional application of the gate voltage.
Thus, the concentration at which the observed effect [4] was revealed can be achieved by placing the graphene layer on a ferroelectric substrate with a "weak" spontaneous polarization of 5 mC/m 2 order that is only twice as high as the spontaneous polarization of Rochelle salt.
In this paper, we will show that it is possible to create a non-volatile spin valve / filter similar to that proposed in Ref. [7] , where, however, the appropriate location of the Fermi level is provided not by the gate voltage, but by the spontaneous polarization of the ferroelectric substrate.
II. THEORETICAL MODEL
The system geometry is depicted in Fig. 1 Fig.1 Graphene monolayer between EuO and ferroelectric film with wide domains. The spontaneous polarization is corresponding to the positive bound charge at the graphene-ferroelectric interface.
Bound charge

Drain electrode
Bound charge
S P +
The usual linear graphene band spectrum near the Dirac point is:
where
is the wave vector value, m/s is a Fermi velocity, and the signs "+"
and "-" correspond to the conduction and valence bands, respectively. In the graphene channel section located under a magnetic dielectric the spectra (1) undergoes modifications [8] :
Here the icon σ designates the two values of the spin projection ( ); the energies of the 
. (3) The gap in the energy spectrum of graphene induced by a magnetic dielectric is shown schematically in Fig. 2 . The position of the Dirac point "0" in a nonmagnetic graphene channel is twice closer to the edge of the upper band than to the lower one [see Eq. (3)], and so there is a certain asymmetry in the spin-polarized spectra under EuO for the ferroelectric polarization up and down directions. Fig.2 The gap in the energy spectrum of graphene induced by a magnetic dielectric (adapted from [7] ). Dotted curves correspond to the "down" spin states, solid curves are for states with spin "up". Zero energy "0" corresponds the position of the Dirac point in a nonmagnetic graphene channel.
When the Fermi energy is inside a wide energy window between the first two energy values in Eq.(3), then graphene becomes completely spin-polarized, i.e. 100% of carriers taking part in electro-transport have "down" spins. When the Fermi energy is in the window between the last two energy values in Eq.(3), the graphene is also completely spin-polarized, i.e. all conductivity carriers taking part in have "up" spins.
Our next assumption is that although the electron would pass through a non-magnetic graphene channel of length L without dispersion, however, the presence of the section with length in the channel, where the graphene has pronounced magnetic properties, leads to the necessity to account for the local scattering of carriers. The intensity of the scattering depends on the carrier spin signs. Thus, the full conductivity of the graphene channel, taking into account the double degeneration of graphene at points , will be described by the modified Landauer formula (see, e.g., Refs.
[
Here is the number of conductance modes,
is the transmission coefficient (in fact, the probability that the electron will pass without a scattering the "magnetic" section of length l ). Both values correspond to the Fermi energy, and ( )
depends also on the value of the electron spin, so for the full conductivity it is necessary to sum for both spin values.
Taking into account the relation L l << we can assume that with high accuracy, when Fermi energy level is inside the energy gap of the spectrum (2), and lies between the 2-nd and 3-rd energies in Eq.(3). Outside the gap
is described by the expression [16] ,
, and has the physical meaning of the number of de Broglie half-wavelengths 2 DB λ for an electron in the graphene channel, which can be located at the width of this channel W. Symbol "Int" denotes the integer part.
Taking into account the known relation between 2D-concentration of electrons and Fermi energy in graphene,
we obtain for the de Broglie wavelength:
In the case when the Fermi level lies outside the gap of the spectrum (2), the number of conductance modes is:
Note that the Fermi energy of the considered system is related to the ferroelectric polarization by relation (5). Thus, for sufficiently high , the conductivity (4) will depend on 17, 18, 19] . In particular, depends on T , and film thickness in the following way [19] :
The polarization corresponds to the bulk sample at zero Kelvin; and the temperature of the second order phase transition of the film to the paraelectric state has the form
Here, is the Curie temperature of bulk ferroelectric, is the component of the is relative "background" dielectric permittivity of ferroelectric or a "dead layer" on its surface [14] . Equation (9) is valid under the condition of an ideal electric contact between the ferroelectric film and graphene channel, and the absence of dead layer is assumed. Eqs. (8)- (9) Table 1 in the Appendix.
In addition to the size and substrate effects in thin films, incipient ferroelectrics can be used to provide the required values of polarization ~mC/m 2 . Their polarization is small, since it is a secondary, not a primary order parameter. In particular, thin films of binary oxides (titanium and hafnium oxides) [22, 23] can be suitable candidates, since they have a small spontaneous polarization that depends significantly on the film thickness and defect concentration, and varies in a wide range from 0.2 C/m 2 to 0.002 C/m 2 , as well as ferromagnetic properties [24] . So they are multiferroics, which can combine the magnetic properties of EuO with low ferroelectric polarization [25] .
In Fig. 4 , the value of conductivity (4) is shown as a function of spontaneous polarization P S for different values of graphene channel width W = 50, 100 nm and 200 nm. Mention that for the width values smaller than 50 nm additional quantization along y axis should be taken into consideration, and Eqs. (2)- (4) and (7) should be corrected accurately. The difference in the form of the curves in Fig.4 calculated for different values of W is due to the increase in the number of conductance modes (7) occurring with increasing of W. Allowing for the assumption about the ballistic nature of transport in the graphene channel, the conductivity depends on the square root of the charge carriers concentration in the channel (see, e.g. [16] , and, therefore, on the square root of the polarization). If, for sufficiently long channels, the conduction regime becomes diffusive, it will result to the additional factor L E F ) ( λ in expression (4) (see, e.g.
[16]), where is the electron free path corresponding to the Fermi level energy. ) ( F E λ Consequently, the dependence of the conductivity on P S depends on the dominant scattering mechanisms of carriers in the graphene channel. If the scattering occurs predominantly on ionized impurities in substrate (the most common case) then the conductivity will depend linearly on the carrier concentration and polarization [16] . 
IV. CONCLUSION
We considered the conductivity of the magnetic dielectric system (EuO) placed on the graphene conductive channel, which in turn was deposited at the ferroelectric substrate. In this case, the magnetic dielectric locally transforms the band spectrum of graphene by inducing an energy gap in it and making it asymmetric with respect to the spin of the free electrons. The Consideration of the graphene on multiferroic system that simultaneously provides both the magnetic asymmetry of the graphene spectrum and its doping with free carriers may be perspective for advanced applications in spintronics. We hope to consider the problem in future. 
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